Lead time between rainfall prediction results and flood prediction results obtained by hydraulic simulations is one of the crucial factors in the implementation of real-time flood forecasting systems. Therefore, hydraulic simulation times must be as short as possible, with sufficient spatial and temporal flood distribution modelling accuracy. One of the ways to reduce the time required to run hydraulic model simulations is increasing computational speed by simplifying the model networks. This simplification can be conducted by removing and changing some secondary elements using network simplification techniques. The emphasis of this paper is to assess how the level of urban drainage network simplification influences the computational time and overall simulation results' accuracy. The models used in this paper comprise a sewer network and an overland flow drainage system in both 1D/1D and 1D/2D approaches.
INTRODUCTION
Damages and losses caused by flood events in urban areas can be significant, such as environmental, economical and life losses and traffic disruption (Chocat et al. 2001) .
At the same time, climate changes may cause large impacts on flood frequency and magnitude, especially in urban areas due to potential changes in rainfall patterns.
According to Pitt (2008) Predicting flood's location and its consequences is vital for managers and emergency planners to reduce flood occurrence and limit its effects.
include: (i) improved rainfall forecast; (ii) development of more reliable surface water flood models; (iii) long lead-time warnings for infrastructure operators, and (iv) low-probability warnings to increase preparation time for emergency responders.
According to Borga et al. (2008) , flash-flood forecasting is a challenge for traditional forecasting procedures because: (i) the short lead-time available, which implies the integration of meteorological and hydrologic forecasting (nowcasting) techniques and the diagnosis of most prone hydrological conditions to trigger flash floods; (ii) the need to provide spatially distributed forecast over river networks rather than only at a few river sections; (iii) the ungauged basin problem, i.e. small basins prone to flash flood are rarely gauged and are usually modelled without calibration.
Reliability of flood prediction is very important; if alerts
and warnings are sent to people and the prediction is not confirmed, then after two or three false alarms the population will stop believing in warnings and start ignoring the alert of an actual flood situation in the future.
The main goal of the urban flood forecast process is to know the impact of the rainfall event on the drainage system. It is necessary to know if the water enters into the sewer system, remains on the surface or where the sewer becomes surcharged and water returns to the surface.
If water returns to or stays on the surface, the safety of the population depends on the flood location, flood depth, duration and flow velocity. With all these criteria it is then possible to identify the vulnerable flood areas and estimate the time that people have available before flooding starts.
In order to predict flash flood events, response of flood forecasting systems has to be fast. In general, a flood forecasting system can be divided in different steps: (i) the systems start with rainfall prediction and flow data collection procedures followed by data correction, if needed.
Before any decision to minimise flood damage is taken, hydraulic behaviour simulations of the drainage system should be conducted. These steps need to be carried out in a short period of time. One way to reduce the amount of time required to predict a flood event is to reduce the simulation time by simplifying the model network. One important aspect not to be forgotten when the network is simplified is that the quality of the simulation results needs to be assured. 
BACKGROUND
In order to design suitable protection solutions and to develop efficient emergency plans, it is needed to predict flood occurrence in urban areas accurately. A different number of situations should be considered, and the most suitable approach is using numerical simulations (Riviere et al. 2006) . Physically based models solve the full or a simplified version of the mass and momentum conservation Equations (also known as the St. Venant Equations) to obtain realistic results ).
Analytical solutions are available for the governing equations for very simple problems. However, to solve real life problems, which are complex, the use of numerical schemes is required; numerical schemes, such as finite differences, finite elements or the method of characteristics, can be used. The most commonly used approach is the finite differences, which can be either implicit or explicit.
In explicit schemes, a single unknown value can be written in terms of known variables. They are conditionally stable under the Courant-Friedrichs-Lewy condition which sets a limit on the maximum allowable time-step. The major advantage of the implicit scheme is that it is unconditionally stable and, as a result, there should be no restriction on the computational time-step that can be used.
Due to the relative magnitude of the terms in the momentum equation, some of the terms can be neglected to produce approximations to the shallow water wave Equations (St. Venant Equations). In addition, the computational effort required to solve the shallow water wave equations is significantly higher when compared with the time required to solve the approximations (Zoppou 2001) .
Two well known and extensively used simplified versions of the shallow water wave equations are the kinematic and the diffusion wave equations. According to Lei & Schilling (1996) , two questions should be answered when choosing the equations/approximations to use: (i) can the proposed model/approximation realistically reach a pre-specified level of accuracy? (ii) Are the model structure and the mathematical equations valid? In Table 1 the terms used in each of the approximations are presented.
According to Blanksby et al. (2007) there are four basic types of urban drainage models: i) Simple models; ii) 1D drainage models of pipes and channels; iii) Integrated 1D surface and sewer system models, and iv) linked 2D surface and 1D sewer system models. One-dimensional models have some advantages when compared with 2D models:
(i) the simplification of the streets and the sewer networks representation, and (ii) the significant decrease of the computation time (Kouyi et al. 2009 ).
One way to discretise the surface network in 1D models is to consider the domain as a set of nodes connected by links (Nasello & Tucciarelli 2005) . These models keep some of the advantages of full 2D schemes; however a significant reduction in terms of computational time is achieved. Nevertheless, with this class of models, the propagation speed of the inundation front over the floodplain has been shown to be highly dependent on the model grid scale and insensitive to floodplain friction (Hunter et al. 2006) . This type of models is not included in this study.
ALCÂ NTARA CASE-STUDY (LISBON, PORTUGAL)
The case-study area chosen to perform the tests is a down- 
Sewer network
The sewer system has 154 manholes, 174 sewer pipes, two flap valves, two combined sewer overflows and two main discharges to the Tagus estuary. The catchment area and the 1D/1D model used as the basis to carry out the network simplifications are illustrated in Figure 1 . In this figure, the sewer network used in both 1D/1D and 1D/2D models can also be seen.
Rainfall
Three rainfall events were used to assess the influence of February; storm B on 7th April and storm C on 17th April).
As presented in Table 2 , the most intense rainfall is storm A which corresponds to a storm with a return period of around 250 years. The less intense storm is storm B, which did not cause flooding in the catchment, but has caused some elements of the sewer network to become surcharged.
METHODS
The simplified models were generated from the 1D/1D model described below. The simplification techniques applied to the 1D/1D model are also described in some detail in this section.
Urban drainage models

1D/1D model
The 1D/1D model was created by employing the storage nodes and overland flow paths delineated using the AOFD 
1D/2D model
The 1D/2D model used in this study was created using the
Infoworks CS 2D module (Wallingford Software 2009).
The model comprises a 1D sewer network linked to a 2D surface which represents the terrain. The 2D surface was generated from the same LiDAR DEM used to generate the 1D overland flow network of the 1D/1D model. The 2D mesh (surface) resolution was created with the following parameters: 1,000 m 2 maximum triangle area and 250 m 2 minimum mesh element area.
Network simplification techniques
The model simplifications were carried out starting with the 1D/1D model and applying the two tools available in Infoworks CS. These tools are based on the pruning and merging techniques, which are briefly described in what follows. 
Pruning technique
Hydraulic simulations
The simulations were carried out using a computer with a 
RESULTS AND DISCUSSION
Five different models were used in this study to assess the effect of the network simplifications. The analysis of the results is divided in three parts: level of network simplification, simulation time required to run the simulations and quality of the results obtained.
Network simplification
The pruning and the merging simplification techniques and a combination of these two were applied to the 1D/1D model to generate three new simplified 1D/1D models. Table 4 presents the changes in model characteristics (number of elements) between the simplified models and the 1D/1D model calculated using Equation (1).
As can be seen in Table 4 , the maximum level of simplification is achieved when the two network simplification techniques are used together.
Time of simulation
As mentioned earlier, the time of simulation is a crucial factor in urban flood forecasting systems. The results of the time of simulation comparison using the models considered in this study, presented in Table The results obtained using the three simplified models (1D/1D prune , 1D/1D merge and 1D/1D prune þ merge models) strongly indicate that the reduction obtained in terms of computation time is significant. As expected, the simulation time required to run the models for the same storm decreases with the reduction of the number of nodes and links of the models. The reductions vary from 231% (1D/1D merge for storm A) to 2 61% in the case of the 1D/1D prune þ merge for storm C.
An interesting result is the variation of the simulation time due to the intensity of the rainfall events. When the simulation times to run different storms using the same model are compared, it can be seen that the reduction in time is higher for the more intense storms (storms A and C). These differences are up to 23% (1D/1D prune model). This is a particularly significant fact as, in general, the storms that can cause urban flooding are extremely intense rainfall events, and consequently with increased simulation times.
Simulation results
Although simulation times are important to assess the applicability of the simplification techniques, the accuracy of the simulation results is also extremely relevant.
If the results are not reliable, decision makers and population in general will lose confidence on the flood predictions and therefore the simulation forecast results will be of no use.
The hydrographs obtained using the three 1D/1D simplified models for storm A are shown in Figure 2 . and bias goodness-of-fit parameters (details of these parameters are described and discussed in Legates & McCabe 1999) . As can be seen in An interesting finding was the change of the simulation time reduction with the variation of the storm intensity.
It was found that as more intense the rainfall is the higher reduction in simulation time is obtained when the 1D/1D simplified networks are used. The same conclusion is also applied to the 1D/2D model, clearly stressing the significance of the simplification of model networks in urban flood forecasting applications.
It was also found that the results produced using the simplified networks when compared with the results obtained using the 1D/1D model are in good agreement in terms of peak times. However, the simplified network results have shown slightly higher flows and water depths.
These higher values can be explained with the loss of some ponds during the simplification process and consequently with the loss of the storage volume associated. These small differences were quantified using the MAE, 
